Introduction
Resolving the way in which deleterious mutations interact in their effects on fitness is crucial to many problems in evolutionary biology and population genetics (Lynch & Gabriel, 1990; Kondrashov & Crow, 1991; Kondrashov, 1993; Partridge & Barton, 1993; Barton & Charlesworth, 1998; Wolf et al., 2000; Kondrashov & Kondrashov, 2001) . Under the multiplicative model, mutations act independently and the total fitness of a genotype equals the product of the fitness effects of its component mutations. Independent effects of deleterious mutations can be expressed graphically as log fitness that decreases linearly with increasing mutation number (Fig. 1) . When mutations do not act independently, defined as epistasis, the fitness effect of a mutation can change depending on the total abundance of deleterious mutations in the genome. Epistasis changes the relationship between log fitness and mutation number, making it curvilinear (Fig. 1) . Synergistic (negative) epistasis results if deleterious mutations are more harmful together than would be expected from their separate effects, and produces accelerated fitness loss with increasing mutation number. In contrast, antagonistic (positive) epistasis produces decelerated loss of fitness as deleterious mutations accumulate.
The predictions of several prominent theories in evolutionary biology depend critically on the nature of epistasis. Synergistic epistasis allows sexual reproduction to be favoured over asexual reproduction because sex creates mutational combinations of very low fitness that are more quickly eliminated by selection (the mutational deterministic hypothesis; Kondrashov, 1988 ; but see Agrawal, 2001; Siller, 2001) . Thus, synergistic epistasis provides a possible explanation for the widespread occurrence of sex despite its associated costs (Maynard Smith, 1978) . Synergistic epistasis also can explain how outcrossing allows species with relatively small local or inbred populations (for instance, mammals and trees) to survive the accumulation of deleterious mutations through genetic drift (Peck et al., 1997). attenuation; epistasis; evolution; mutation; RNA virus; vaccine.
Abstract
Epistasis results when the fitness effects of a mutation change depending on the presence or absence of other mutations in the genome. The predictions of many influential evolutionary hypotheses are determined by the existence and form of epistasis. One rich source of data on the interactions among deleterious mutations that has gone untapped by evolutionary biologists is the literature on the design of live, attenuated vaccine viruses. Rational vaccine design depends upon the measurement of individual and combined effects of deleterious mutations. In the current study, we have reviewed data from 29 vaccine-oriented studies using 14 different RNA viruses. Our analyses indicate that (1) no consistent tendency towards a particular form of epistasis exists across RNA viruses and (2) significant interactions among groups of mutations within individual viruses occur but are not common. RNA viruses are significant pathogens of human disease, and are tractable model systems for evolutionary studies -we discuss the relevance of our findings in both contexts.
Compensatory adaptation (restoration of fitness) may occur faster under synergistic epistasis because it allows the marginal effect of each compensatory mutation to be greater (Moore et al., 2000) . In contrast, if epistasis is nonexistent or antagonistic, a number of the above predictions can be reversed. For example, antagonistic epistasis favours the evolution of asexual over sexual reproduction (Charlesworth, 1990; Otto, 1997) . Although the existence of epistasis has been firmly established through population genetic studies (Fenster et al., 1997) , much less is known about the extent and form of epistatic interactions (Otto, 1997; Barton & Charlesworth, 1998; West et al., 1999) .
Theory has suggested mechanisms for generating both forms of epistasis, but empirical studies have yet to reveal any consistent pattern (Szathmary, 1993; Fenster et al., 1997; Peck & Waxman, 2000) . It is not known whether the lack of pattern is real or simply the result of experimental and statistical limitations. Limitations arise both from difficulties inherent in conducting and interpreting empirical studies of epistasis (West et al., 1999) , and from an inability to measure fitness in the natural environment of study organisms (Waxman & Peck, 1999) . As reviewed elsewhere (West et al., 1999; Peters & Keightley, 2000) , studies of epistasis in most organisms have taken two general forms: (i) examining the expected distribution of fitnesses among sexually produced offspring of a pair of parents, or (ii) directly determining whether or not log fitness is a linear function of mutation number. The first approach can determine the average form of epistasis, but does not estimate the average magnitude of epistasis between pairs of mutations, or whether the form and magnitude of epistasis varies among mutation pairs. The second approach, when pursued by examining fitness effects of known mutations alone and in combination, provides a more rigorous test of epistasis because the average magnitude and variance of epistasis can be determined.
Empirical studies of epistasis
The earliest examination of log fitness as a function of mutation number comes from a mutation accumulation experiment in Drosophila melanogaster (Mukai, 1969) . In that experiment, competitive viability of a wild type chromosome (relative to a nonrecombining balancer chromosome) was shown to decrease faster with increasing generations of mutation accumulation, suggesting a nonlinear decline in log fitness. However, generation number provides only an indirect estimate of mutation number and allows alternative explanations for the apparent decline in viability, such as selective improvement of balancer chromosomes or nonlinear increases in mutation rates caused by instability of transposon copy number (Keightley, 1996; Nuzhdin et al., 1996) . More recent studies allowed mutation number to be determined directly. Elena & Lenski (1997) used transposon mutagenesis to generate 225 genotypes of Escherichia coli with varying numbers of mutations, and then measured genotype fitness. No overall pattern in epistasis was found; rather, some mutation combinations showed synergistic epistasis whereas others displayed antagonistic epistasis. Similarly, de Visser et al. (1997) created lines of Aspergillus niger with different combinations of known deleterious mutations and found no epistasis on average. However, the latter data cannot exclude synergistic epistasis because all the possible mutational combinations were not generated, implying that the worst combinations could have been removed by selection prior to testing. Whitlock & Bourguet (2000) tested the action of epistasis using a set of deleterious visible mutations in D. melanogaster. Of two fitness components, male mating success and productivity (combination of female fecundity and offspring survivorship), only the latter showed a pattern of strong average synergistic epistasis. However, both fitness measures featured some antagonistic and some synergistic interactions between specific sets of mutations. These experiments provide strong evidence that epistasis between individual pairs of mutations is common and that the form and magnitude of epistasis varies between mutation pairs. They provide little, if any, evidence that the average form of epistasis is synergistic, and do not suggest that the form of epistasis can be generalized across organisms. 
Vaccine design and interactions among deleterious mutations
One rich source of data on the interactions among deleterious mutations that has gone untapped by evolutionary biologists is the literature on the design of live, attenuated vaccine viruses. Rational vaccine design depends upon the measurement of individual and combined effects of deleterious (attenuating) mutations. Appropriate mutations can then be sequentially added to a vaccine virus to minimize reactogenicity and the likelihood of reversion to virulence, while maintaining satisfactory immunogenicity (Murphy & Chanock, 2001) . These manipulations generally utilize modern molecular biology techniques such as reverse genetics and site-directed mutagenesis, and most have been conducted in the last decade. In addition, the rigorous requirements of vaccine development necessitate in vivo (naturalistic) measures of viral fitness. Thus in creating vaccines for viruses such as dengue, influenza and human immunodeficiency virus (HIV), virologists often inadvertently conduct an ideal test of epistasis. Indeed, reports of such studies have specifically noted that the effect of combined mutations could not always be predicted by the effect of single mutations (e.g. Skiadopoulos et al., 1998) implicitly acknowledging the action of epistasis. Here we compile and analyse data from vaccine-related studies involving RNA viruses, to determine the occurrence and nature of epistatic mutations in these pathogens.
Methods

Review of the literature
In order to analyse the evidence for epistasis in RNA viruses, we first reviewed the biomedical literature using Medline (National Library of Medicine, National Institutes of Health, USA) to identify studies directly or indirectly related to development of live-attenuated RNA virus vaccines. Additionally, we traced relevant references included in the studies identified on Medline. We included only those studies which focused on deleterious mutations and that measured: (i) fitness of a 'wild type' virus (although in some cases this virus contained other mutations which were not manipulated during the study), (ii) fitness effects of individual mutations, groups of mutations, or segments bearing mutations in the otherwise 'wild type' background, and (iii) fitness effects of some combination of paired mutations in the same 'wild type' background. In some cases, the measurement of the effect of combined mutations preceded the measurement of the effect of individual mutations. We included studies that featured a variety of types of mutation, including substitutions and deletions in coding and noncoding regions of the genome, but we excluded studies of whole-gene deletions. Although we do not claim to have included every relevant study on RNA viruses, we have collected a representative and unbiased sample of the literature.
Although our literature search was unbiased, the possibility exists that the mutations targeted in studies of vaccine design might comprise a biased set. The mutations in our literature sample can be grouped into three categories: (i) site-directed mutations in genes of known function, (ii) site-directed mutations in conserved regions of the viral genome, and (iii) mutations acquired during selection experiments, such as adaptation of viruses to cold temperature or to nonhuman tissue culture. Studies of mutations in categories (i) and (ii) rarely had an a priori expectation as to whether the mutations would be of large effect, and in fact many were of minor effect (Brown et al., 1999) . In category (iii), the studies often sought to identify mutations responsible for attenuation in humans and, therefore, screened mutations of both major and minor effect. Even so, it seems likely that our literature sample will contain an excess of mutations with obvious effects on viral fitness, and consequently, a deficiency of mutations with barely detectable effects. However, mutations with catastrophic effects on viral fitness will also be under-represented in our data sample because viruses that were not viable or that replicated to very low titres could not be used in the phenotypic assays presented in the compiled studies. Thus, bias in our data set is expected to be against both extremes of fitness effects, making our sample strongly representative only of mutations with intermediate effects on fitness.
We collected data from 29 studies using 14 different viruses (Appendix 1). From each study we recorded the type of each individual mutation, the fitness measures used and the fitnesses of the 'wild type' virus, viruses containing individual mutations, and viruses containing combinations of two and (in some studies) three individual mutations. A few studies reported performance measures for viruses containing four or more mutations. These data are described in their entirety in Fig. 2 ; however, for brevity only the first three mutations are included in Appendix 1.
Compiling fitness data
As studies of human viruses are limited to measuring performance in vitro or in an animal model, there is no standard method for measuring fitness. From each study, we recorded all the reported measures of viral performance. These measures included, but were not limited to, growth rate, peak titre, lethal dose, infectious dose, percent mortality in animal model, difference in titre between low and high sodium bicarbonate concentrations, difference in titre between low and high temperatures, plaque size and polymerase activity. In some studies, viral titres were measured at a permissive temperature and over a large range of higher (restrictive) Mutation no. were obtained from a bootstrap analysis. *For the data shown in this figure, it was possible to count the number of nucleotide (or amino acid) substitutions that comprised the mutations listed in Appendix 1. Therefore, this modified count was used for the x-axis shown here. There are mutations included in this figure that do not appear in Appendix 1.
temperatures. These cases provide the only exception to our reporting of complete data; rather, we report viral titre at the permissive (baseline) temperature, and the reduction in titre at one higher temperature: 39°C if mutants showed growth at this temperature, or 38°C otherwise.
We made an attempt to consider the relevance of the various performance measures to fitness under natural conditions. Performance measures such as replication rate and infectious dose have a very clear relationship to viral fitness. Even measures such as shut off temperature and titre reduction from low to high temperature are clearly related to fitness because they serve as an indicator for the extent to which the virus can spread to warmer areas of the body (e.g. into the warmer lower respiratory tract form the cooler upper respiratory tract) or survive elevated temperatures during host fever. However, the relevance of some performance measures, such as plaque size, to fitness under natural conditions is questionable. Therefore, measures of in vivo replication in an animal model were analysed separately from other performance data, as in vivo replication is the most widely accepted estimator of fitness under natural conditions.
For each performance measure, the natural log of fitness is expressed relative to that of the wild type virus. Log fitness of the single mutants is determined using equation 1:
where r wt and r i are the performance measures (e.g. growth rates), respectively, of the wild type virus and of the virus containing mutation i, and W i is the relative fitness of the virus containing mutation i. Observed log fitness values for double mutants were calculated in the same manner:
where r ij and W ij are, respectively, the performance measure and relative fitness of the virus containing both mutations i and j. In cases where fitness was too low to be accurately measured, i.e. not distinguishable from zero, the natural log of fitness is undefined. Therefore, we do not report log fitnesses in these cases. If zero values most often occurred in double or triple mutants, our exclusion of these data would bias against a finding of synergistic epistasis by creating a threshold below which fitness cannot fall. However, in our data set zero values occur in single mutants nearly as often as they occur in double mutants (seven vs. nine instances, respectively). In addition, the exclusion of zero values might affect our findings if it produced a tendency to exclude a particular type of performance measure. We examined whether in vivo performance measures were more often excluded because of zero fitness measures than were in vitro performance measures. Thirty percent of the in vivo measures (17 of 56) were excluded, compared with 19% of the in vitro measures (12 of 63). Although these numbers suggest that proportionally more in vivo measures are lost because of zero fitness values, the difference is not statistically significant (v 2 ¼ 2.346, d.f. ¼ 1, P ¼ 0.1256). Thus, we have no a priori expectation of how excluding these data should bias our findings.
Results
Statistical tests for epistasis: the sign test
To test for epistasis using the multiplicative model, we first compared the observed log fitness of viruses containing two mutations with that expected based on the effect of each mutation in isolation. Expected log fitness values for viruses bearing two mutations were generated under the assumption of no epistasis, and were calculated using equation 3 (Elena & Lenski, 1997; Wade et al., 2001) :
Each combination of mutations yielded one comparison of observed and expected log fitnesses. For example, consider the first entry in Appendix 1 of mutations in dengue virus (Men et al., 1996) . The observed, or measured, log fitness of a virus containing both mutations 1 and 2 was )1.3. The expected log fitness, determined by summing the log fitness of each of the single mutants, was )1.4 because lnW 1 + lnW 2 ¼ )0.1)1.3 ¼ )1.4. In this case the observed log fitness of )1.3 is greater than the expected log fitness of )1.4, so the interaction between mutations 1 and 2 is antagonistic.
For studies containing combinations of more than two mutations, we analysed only nonintersecting pairs of those mutations, so that no mutation was contained in more than one analysed pair. In this manner, we ensured that the mutation pairs analysed were independent and avoided pseudo-replication. Each comparison was assigned a value of 1, 0 or )1 if the virus carrying two mutations was, respectively, more fit, equally fit (exactly the same value as expected), or less fit than expected. We had no means to distinguish performance measures that accurately reflected viral fitness from those that did not, therefore, our first pass analysis examined all the reported performance measures for each mutation pair. As the different performance measures cannot be considered independently, we used the median comparison value across all fitness measures for each virus. Thus, for each mutation pair examined, synergistic epistasis was concluded only if a majority of performance measures indicated that the observed ln W ij was less than the expected lnŴ W ij , and antagonistic epistasis was concluded only if a majority of performance measures indicated the opposite (i.e. ln W ij > lnŴ W ij ).
We then conducted a sign test to determine whether observed and predicted fitness differed in a consistent direction across studies. The sign test was used instead of a more powerful parametric test because the nature of the data, collected by different researchers and using different fitness measures, ensured that measurement errors were not normally distributed. A comparison of the number of mutation pairs that yielded a higher fitness than expected to the number that yielded a lower fitness than expected revealed no significant difference [sign test, all fitness measures: N(1) ¼ 17, N(0) ¼ 3, N()1) ¼ 11; P ¼ 0.1725]. To determine whether the results of the first analysis were influenced by the inclusion of performance measures that had little relevance to the natural environment, we also conducted a sign test using only the in vivo performance measures. This test also failed to reveal a significant predominance of one type of epistasis [N(1) ¼ 9,
Statistical tests for epistasis: regression analysis
From studies in which three or more mutations were combined into a single virus, we additionally attempted to detect epistasis by investigating the linearity of the relationship between log fitness and mutation number (Elena & Lenski, 1997; Whitlock & Bourguet, 2000) . Linear regressions were performed using log fitness as the dependent variable and mutation number (1, 2, 3 mutations, etc.) as the independent variable. In this regression, log fitness is described by an equation of the form
where W k is the average fitness of genotypes with k mutations, a < 0 for deleterious mutations, and b defines the interaction between mutations: b < 0 for synergistic interaction, b > 0 for antagonistic interaction (Elena & Lenski, 1997) . We conducted regression analyses using data from 10 studies in which viruses contained at least three deleterious mutations [DEN (two studies), FLU (two studies), HIV, PIV (two studies), REO, RSV, VEEV; Appendix 1). In most cases, the data used for regression analyses were derived directly from Appendix 1. However, in some cases the mutations described in the appendix actually consist of blocks of nucleotide or amino acid substitutions. In these cases, we used the number of nucleotide substitutions as our measure of mutation number where they were reported, and used the number of amino acid substitutions otherwise. It turned out that all the studies containing at least three deleterious mutations investigated the effects of nucleotide substitutions, and none investigated deletions, so we did not have to decide whether large deletions should be counted as single or multiple mutations. The only other deviation from the data reported in Appendix 1 resulted because some studies reported data for many more than the three mutations. Although there was not space to include these additional mutations in Appendix 1, we included data for the additional mutations in the regression analyses.
As the mutants within these studies do not contain independent sets of mutations, use of a least squares linear regression is inappropriate. Therefore, we conducted a bootstrap analysis (Sokal & Rohlf, 1995) in which the data were resampled 1000 times, and estimates of a and b were obtained using least squares regression for each resampled data set. The bootstrap approach produces unbiased estimates of the regression parameters a and b, and their standard errors. This approach maximizes statistical power because it allows us to use all the fitness measures provided by each study, and it is robust to variance heterogeneities which exist in these data. We report here the results of regression analyses performed on only one fitness measure for each virus per study. We did conduct regression analyses using the other reported fitness measures, however, the results did not differ qualitatively from those reported here.
The a and b estimated from each of the 10 regressions are reported in Table 1 . Although seven of the 10 regressions yielded positive estimates of the quadratic (interaction) term b, none of the 10 regressions yielded a b that differed significantly from zero. A power analysis (included in Table 1 ) demonstrates that few data sets had the power to detect interaction effects (b) smaller than 20% of the independent effects (a) of mutations. Thus, the regression analysis was not sufficiently powerful to detect weak epistasis. In sum, the results of the regression analyses parallel the results of the sign test in that they provide no conclusive evidence for directional epistasis.
Discussion
The negative results of the sign tests and the regression analyses can be interpreted in a number of ways. As is the intention, both statistical tests will yield negative results if interactions are not sufficiently common or sufficiently strong to be detected. However, interactions could be common, but equally divided between antagonism and synergism, and sign tests and regression analyses would still be unable to detect epistasis.
We are unable to differentiate between these two possibilities using the existing data. Further, we have only limited power even to suggest that the net effect of epistasis is small. The sign test is especially weak. A power analysis shows that, given 28 observations that deviate from the null expectation (as in the 'all fitness measures' data set; see Results), a sign test could reject the null hypothesis only if 68% or more of the 28 interactions were of one type (1 or )1). Thus, epistatic effects could be fairly strong and mostly of one type and still be undetectable by a sign test. Although the regression analyses also showed an inability to detect epistasis, they are more descriptive than the sign test because they allow us to estimate the net effect of epistasis. When we consider the magnitude of b (the interaction effect) relative to the magnitude of a (the independent effect), the median value of b/a is 0.059. Thus, the net effect of epistasis is small, only 5.9% of the independent effect of mutations. This number is in agreement with findings of other studies of RNA viruses, in which measures of epistatic effects ranged between 5 and 9% (Elena, 1999; Crotty et al., 2001) . Detection of epistatic effects this small in magnitude would require both the use of numerous mutation combinations, and an extremely accurate measure of fitness. Few, if any, of the studies in our data set meet both these criteria.
Although we could detect no overall trend, it is clear that there are interactions between particular pairs of mutations within our data set. Some studies reported both mean values and standard errors for each of their performance measures. In these cases it is possible to determine the existence of a significant interaction effect on a case by case basis, for example, the first combination of mutations examined in one of the DEN data sets (Hanley et al., 2002) . This mutation combination yielded an observed log fitness of )0.46 ± 0.21 and an expected log fitness of )4.14 ± 0.48 (titre in mouse brain). The large difference between these values is statistically significant (t 20 ¼ 7.01, P < 0.0001) and indicates antagonistic epistasis. Likewise, the first mutation combination examined in RSV (Whitehead et al., 1998) yielded an observed log fitness of )4.14 ± 0.55 and an expected log fitness of )6.91 ± 0.74 (titre in mouse nasal turbinates). These values also differ significantly (t 16 ¼ 3.0, P ¼ 0.0071), indicating antagonistic epistasis. These mutation pairs are just two of the many pairs that exhibit significant interactions.
Overall, our findings are consistent with other empirical studies in which no evidence, or mixed evidence for epistasis was detected (de Visser et al., 1997; Elena & Lenski, 1997; Elena, 1999; Whitlock & Bourguet, 2000) . However, the limitations of the data should be considered. First, and most importantly, the mutations analysed were not chosen randomly. Many studies chose mutations in particular genes of known function, so that mutations were not distributed randomly across the genome. This nonrandom sampling of mutations would bias the results, for example, if many mutation combinations were within individual genes, and if such combinations were more likely to interact than mutations between genes. As the mutation combinations included in our study only rarely consisted of mutations 
*P-values are associated with addition of the highest order term to the model. Thus, for models containing only a, P < 0.05 denote a significant fit of the linear parameter a. For models containing both a and b, P-values denote the fit of the quadratic parameter b.
To determine the power of our analyses, we calculated the smallest detectable interaction effect by dividing the 95% confidence interval for b by a. Thus, the smallest detectable interaction effect is reported as a percentage of the independent (linear) effect of mutations. Any interaction effect weaker than that reported here will not achieve significance in this analysis.
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within a single gene, we have no expectation that these mutations are more likely to show interactions than a random sample. Secondly, many studies used multiple measures of fitness, and for a given pair of mutations these different measures sometimes yielded inconsistencies in terms of expected fitness. This pattern is not uncommon. Whitlock & Bourguet (2000) detected epistasis in a set of mutations affecting productivity in Drosophila, but the same mutations were additive in their effects on male mating success. These observations suggest that studies of epistasis should incorporate multiple measures of fitness. Thirdly, the studies of human pathogens did not measure fitness in the natural host or, where relevant, in the natural vector used for transmission. Rather, the studies used a combination of proxy measures of fitness (e.g. replication in vitro) and replication in animal models. However, these measures represent the best available approximation of attenuation in humans and are used to guide vaccine design. Moreover, measures of replication are measures of Darwinian fitness, albeit in an experimentally circumscribed environment. Nonetheless, the data analysed here suggest that no consistent tendency towards a particular form of epistasis between deleterious mutations exists across RNA viruses.
RNA viruses are important to biomedical scientists as pathogens, and to evolutionary biologists as tractable model systems (Morse, 1994; Turner, 2003) . Our inability to find a consistent pattern of epistasis between deleterious mutations, despite the existence of interactions between particular mutation pairs, has implications for both medicine and evolutionary biology. From a biomedical perspective, evolutionary models can be used to inform vaccine design regardless of the average form of epistasis, as long as interactions of both forms exist. Vaccine design differs from other applications because researchers can choose the particular mutations used to create the vaccine virus. Thus, evolutionary theory can be used to predict the consequences of choosing to incorporate a greater number of antagonistically or synergistically interacting mutations into the vaccine virus. Specifically, evolutionary models can inform vaccine design by predicting the effects of epistasis on the persistence of vaccine-derived viruses and their reversion to virulence. That such reversion is a significant threat was highlighted by the recent cases of paralytic polio in Haiti and the Dominican Republic. These infections were caused by vaccine-derived virulent poliovirus that evolved after vaccination strategies failed to confine the attenuated virus (CDC, 2000) .
Incorporation of mutations with antagonistic interactions into candidate vaccines could reduce persistence and reversion to virulence in a number of ways. Recombination or co-infection with other components of a multiple-component vaccine, with endogenous virus, or with a circulating wild type virus could contribute to persistence of the vaccine virus genome and to reversion to virulence. However, the use of antagonistically interacting mutations would reduce these risks because the fitness improvement resulting from recombination or co-infection is smaller when interactions between attenuating mutations are antagonistic (Kondrashov, 1988) . Reversion to virulence can also occur through mutations that compensate for the effects of attenuating mutations. The use of antagonistically interacting mutations will reduce this risk as well, because compensatory mutations have been shown to yield smaller fitness improvements when interactions between attenuating mutations are antagonistic (Moore et al., 2000) . Finally, the use of antagonistically interacting mutations in vaccine design makes intuitive sense, because fitness effects diminish with mutation number, allowing more mutations to be incorporated into the viral genome, thereby safeguarding attenuation (Murphy & Chanock, 2001) . Thus, further studies of epistasis in RNA viruses will not only clarify evolutionary patterns but also generate relevant information for the creation of vaccines. Unlike vaccine design, applications in evolutionary biology (such as species conservation) require knowledge of the general form of epistasis rather than just the form of epistasis between selected mutation pairs. In conservation biology, epistasis plays a role in determining the rate of fitness loss via genetic drift in small populations (Kondrashov, 1994; Schultz & Lynch, 1997) . It is difficult to accurately determine the form of epistasis in most endangered populations because they are typically composed of organisms featuring long generation times; rather, several attempts have been made to determine the form of epistasis in model systems. Unfortunately, the absence of a predictable pattern for epistasis in tractable models (e.g. this study; Elena & Lenski, 1997 , de Visser et al., 1997 makes it difficult for these studies to inform conservation policy and other applications. More generally, evolutionary biologists should reconsider hypotheses that assume any overall form of epistasis; at least among RNA viruses there is little support for such assumptions. 
